The proliferative activity of adult hematopoietic stem cells (HSCs) is controversially discussed. Inducible fluorescent histone 2B fusion protein (H2B-FP) transgenic mice are important tools for tracking the mitotic history of murine HSCs in label dilution experiments. A recent study proposed that the most primitive HSCs divide only four times, to then enter permanent quiescence. We observed that background fluorescence due to leaky H2B-FP expression, occurring in all H2B-FP transgenes independent of label induction, accumulated with age in primitive HSCs with high repopulation potential. We argue that this background had been misinterpreted as retention of induced label and permanent quiescence. We found cell division-independent half-lives of H2B-FPs to be short, which had led to overestimation of HSC divisional activity. Our data do not support HSC mitotic memory and entry into permanent quiescence after few divisions, but show that primitive HSCs of adult mice continue to cycle rarely.
Introduction
The multi-potent and self-renewing hematopoietic stem cells (HSCs) reside at the top of the hematopoietic hierarchy and can give rise to all blood lineages throughout the life of an individual (Eaves, 2015) . Numerous studies have demonstrated heterogeneous cell cycle activity within the HSC population (Foudi et al., 2008; Glauche et al., 2009; Morcos et al., 2017; Passegué et al., 2005; Qiu et al., 2014; Säwén et al., 2016; Takizawa et al., 2011; Wilson et al., 2008) . A concept of deeply quiescent (also termed `dormant´) and actively cycling HSCs has been inferred from experiments investigating mitotic history by means of labeled nucleotide analogs (e.g. BrdU) (Kiel et al., 2007; Wilson et al., 2008) or histone 2B (H2B) fused to either enhanced green fluorescent protein (H2B-GFP) or mCherry (hereafter referred to as H2B-RFP) (Foudi et al., 2008; Qiu et al., 2014; Säwén et al., 2016; Wilson et al., 2008) . These labels can be incorporated into chromatin and get homogenously distributed to daughter cells during mitosis (Tumbar et al., 2004) , which allows tracking several cell divisions as well as identifying quiescent label retaining cells. In case of the H2Bfusion proteins (H2B-FPs), labeling of HSCs is achieved with inducible tetracycline (Tet) controlled (either `Tet-on´ or `Tet-off´) genetic systems (Gossen and Bujard, 2002) .
Importantly, these mouse models exhibit considerable background fluorescence even in the repressed state due to leaky expression from the Tet-operon (Challen and Goodell, 2008; Foudi et al., 2008; Qiu et al., 2014; Säwén et al., 2016; Tumbar et al., 2004; Wilson et al., 2008) .
A recent study (Bernitz et al., 2016) reported HSCs retaining H2B-GFP label for up to 22 months of chase. Based on this finding, the authors proposed a model in which the most primitive HSCs that contain all long-term repopulating activity enter complete and permanent quiescence after initially undergoing four symmetric self-renewal divisions. However, neither division-independent loss by protein degradation (Waghmare et al., 2008) , which even in case of slow degradation would preclude long chase periods, nor the continuous leaky background expression (Challen and Goodell, 2008) of H2B-FPs were considered in this model.
Results

Primitive HSPCs exhibit higher levels of leaky H2B-FP background fluorescence
Upon flow cytometric analysis of HSPC populations ( Figure S1A ) isolated from bone marrow (BM) of deliberately un-induced R26 rtTA /Col1A1 H2B-RFP (Egli et al., 2007) , R26 rtTA /Col1A1 H2B-GFP (Foudi et al., 2008) or single transgenic tetO-H2B-GFP47Efu (Bernitz et al., 2016; Tumbar et al., 2004) mice, we observed a gradual increase of median and maximum (as judged by the 99 th percentile) background H2B-FP fluorescence from fast cycling hematopoietic progenitor cells (HPCs) to quiescent HSCs ( Figure 1A-C) . Interestingly, within the immuno-phenotypic HSC population (LSK CD48 -/lo CD150 + ), we found particularly bright H2B-FP background fluorescence in the predominantly quiescent CD201 hi Sca-1 hi CD34 -/lo (ES34) HSC subpopulation. Among HSCs with high background fluorescence from all three different repressed H2B-FP mouse strains under investigation, we observed significantly higher expression of Sca-1, CD201 and CD150 as well as concordant down-regulation of CD34, CD48 and CD117 (Figure S1C-E) compared to cells without H2B-FP background fluorescence. This expression pattern of surface markers has been previously correlated to increased quiescence and repopulation activity of HSCs (Beerman et al., 2010; Grinenko et al., 2014; Kent et al., 2009; Kiel et al., 2005; Morcos et al., 2017; Osawa et al., 1996; Sato et al., 1999; Säwén et al., 2016; Shin et al., 2014; Wilson et al., 2015) . To further investigate the cell cycle status of HSPCs in relation to H2B-GFP background fluorescence, we analyzed the BM of un-induced Ki67 RFP/wt /R26 rtTA/wt /Col1A1 H2B-GFP/wt mice, in which Ki67-RFP expression reports cycling cells (Basak et al., 2014; Morcos et al., 2017) . We observed a significantly lower fraction of cycling Ki67-RFP + cells among HSCs and MPPs with high H2B-GFP background ( Figure 1D ). In addition, we performed transcriptome analysis of 200 single HSCs, which were index-sorted from un-induced R26 rtTA/rtTA /Col1A1 H2B-GFP/H2B-GFP animals and found a quiescence-related gene signature upregulated in HSCs with high H2B-GFP background fluorescence (Figure S1F-J).
In order to prove that H2B-FP background fluorescence depends on mitotic activity, we forced quiescent HSCs of un-induced R26 rtTA/rtTA /Col1A1 H2B-GFP/H2B-GFP mice into cell cycle by a single injection of 5-fluorouracil (5-FU). PB analysis 6 d later revealed uniform myeloablation in 5-FU-treated animals ( Figure S1K ). The H2B-GFP background fluorescence of BM CD201 hi CD34 -/lo (E34) HSCs isolated from 5-FU injected mice 9 d after treatment was strongly reduced compared to saline-injected control mice ( Figure 1E and 1F) . A sub-cohort of animals was analyzed 44 d after 5-FU treatment and revealed that E34 HSCs had reestablished high background fluorescence, similar to saline-treated control mice. This clearly demonstrated that enforced mitotic activity of HSCs led to temporary, cell cycle-dependent reduction of H2B background fluorescence.
As predominantly quiescent HSCs with a primitive immuno-phenotype exhibited bright H2B-FP background fluorescence, we reasoned that high background might identify HSCs with superior repopulating activity upon transplantation. Therefore, HSCs from un-induced R26 rtTA/wt /Col1A1 H2B-RFP/wt donor mice were separated into H2B-RFPand H2B-RFP hi populations ( Figure S1L ) and transplanted along with WT whole bone marrow competitor cells into lethally irradiated congenic recipient mice. PB and BM analysis of primary and secondary recipient mice ( Figure 1G and S1M) revealed that H2B-RFPdonor HSCs contained little long-term repopulation activity while transplantation of H2B-RFP hi donor HSCs resulted in robust serial multi-lineage repopulation. Taken together, our experiments demonstrated that primitive HSCs accumulated high H2B-FP background fluorescence, while HSCs with dull background divided more frequently, up-regulated transcription-and translation-related genes and had significantly lower repopulation potential. Since all HSPC populations exhibited considerable background fluorescence and re-acquired background after temporary reduction in response to 5-FU, we conclude that there is continuous leaky background expression of H2B-FP even in the absence of label induction.
Major contribution of H2B-FP degradation to loss of label
We observed much faster dilution of H2B-RFP (Morcos et al., 2017; Säwén et al., 2016) compared to H2B-GFP (Foudi et al., 2008; Oguro et al., 2013) in label retention experiments ( Figure 2A ) employing homologous Tet-controlled R26 rtTA /Col1A1 H2B-FP transgenic systems (Beard et al., 2006) and suspected this to be caused by different stability of both H2B-FPs. In order to determine the rate of H2B-FP degradation, we assumed that, within short chase intervals, at least a fraction of HSCs displaying the highest H2B-FP retention will remain quiescent and will not or very rarely divide within this time period. Thus, over short chase intervals, the loss of fluorescence in those HSCs expressing the brightest H2B-FP fluorescence at each time point of analysis can be attributed to H2B-FP degradation. A similar approach in epithelial stem cells previously determined an H2B-GFP protein half-life of 24 d (Waghmare et al., 2008) . Accordingly, we plotted a fluorescence time course of HSCs with maximum label retention isolated from pulsed and chased R26 rtTA /Col1A1 H2B-RFP and R26 rtTA /Col1A1 H2B-GFP mice ( Figure 2B ) and estimated protein degradation half-lives of around 2 and 6 weeks for H2B-RFP and H2B-GFP, respectively. To unambiguously prove the different stability of both H2B-FPs, we generated R26 rtTA /Col1A1 H2B-GFP/H2B-RFP mice in which both labels are simultaneously expressed. A pulse-chase experiment employing these mice revealed much faster decay of H2B-RFP than H2B-GFP and verified previously estimated protein half-lives ( Figure 2C -E). These rather short half-lives demonstrate that protein degradation is the major process responsible for loss of H2B-FP in quiescent HSCs. Therefore, neglecting this process must result in massive overestimation of HSC divisional activity.
As a gedankenexperiment, we neglect division-independent label degradation as implied by Bernitz et al. (2016) and further adhere to their conclusion that primitive HSCs undergo only 4 symmetric self-renewal divisions within the first 9 months of their life before they completely stop dividing. Under these assumptions, the H2B-FP dilution kinetics of young (<9 months) and aged (>9 months) mice should strongly differ from each other. In order to contest this prediction, we performed two consecutive cycles of doxycycline (DOX) induction and successive chase of R26 rtTA /Col1A1 H2B-RFP mice ( Figure 2F ). We found similar labeling of HSCs after the first and second round of pulse. Cohorts of mice were analyzed after the first and second chase cycle and we observed highly similar label dilution in young and aged HSCs. If both label degradation had been absent and HSCs had entered permanent quiescence upon ageing, we would have observed a subpopulation of HSC retaining high levels of label after the second pulse. Competitive transplantation after the second pulsechase cycle revealed an enrichment of repopulation activity among H2B-RFP + cells, but also the H2B-RFPfraction contained HSCs with long term, multi-lineage potential ( Figure S1N ).
Taken together, this experiment strongly argues against permanent quiescence in the absence of label degradation in ageing HSCs.
Mathematical modeling to quantify label dilution kinetics
In order to quantify the impact of leaky background expression and division-independent degradation of H2B-FPs, we complemented the findings described above by a simple mathematical modeling approach accounting for key features of a pulse-chase experiment ( Figure 2G ). In particular, the model describes the kinetics of the average H2B-FP intensity X that is subject to four processes: (i) initial labeling a in case of H2B-FP induction, (ii) permanent leaky background H2B-FP production with constant rate b, (iii) H2B-FP decay due to division with rate λ 1 , and (iv) division-independent decay due to H2B-FP protein degradation with rate λ 2 . In the absence of leaky background production, the model reduces to an exponential decay process, which does not reproduce the observed background expression above autofluorescence levels ( Figure 2H ). In contrast, assuming constant background label production, the model shows the pattern observed in the data: the decline of intensity is slowing down until reaching a constant background level. This final background level is characterized by a balance between the leaky background production rate b and the sum of the two decay processes λ 1 and λ 2 , but does not depend on the initial amount of label. This explains the observation of higher H2B-FP background fluorescence in populations with less proliferative activity: A lower division rate λ 1 results in a higher final H2B-FP accumulation. In summary, the mathematical modeling strongly suggests that continuous leaky background expression is critical to explain the observed non-exponential dynamics of label dilution. We show that the final level of background fluorescence depends on both the degradation half-life of the FP and the mitotic activity of the cell population under investigation, but not on the initial amount of label in pulse-chase experiments.
Age-dependent accumulation of H2B-FP background fluorescence
Based on our observation that quiescent HSPCs isolated from repressed H2B-FP mice exhibit high background fluorescence, we propose a scenario in which HSPC subpopulations start to accumulate H2B-FP background fluorescence upon entering extended phases of quiescence in early postnatal life (Bowie et al., 2006) , while more proliferative cells will continue to constantly dilute background label via mitosis. In fact, mathematical modeling predicted that the accumulation of maximum H2B-FP background fluorescence would take weeks to several months after cessation of rapid cell divisions in early postnatal development ( Figure 3A ). The length of this time span depends on stability of H2B-FP as well as mitotic activity of the cell population under investigation. To rigorously test these predictions, we analyzed repressed mice of different ages from three H2B-FP transgenic mouse strains and found an age-dependent increase of median and maximum background fluorescence in various HSPC populations ( Figure 3B In summary, our data clearly demonstrates that H2B-FP background fluorescence of primitive HSCs progressively accumulated with age. Therefore, age-matched littermate background controls are crucial for accurate identification of H2B-FP-retaining HSCs in pulse-chase experiments.
Mitotic activity of HSC populations inferred from H2B-FP label dilution data
We evaluated HSC label retention data by our mathematical model in order to disentangle the different sub-processes which account for loss of label (i.e. protein degradation, leaky background production and cell division). To resolve and quantify mitotic heterogeneity, we fitted different Gaussian distributions to the H2B-FP histograms of chased HSCs ( Figure 4A and Figure S2A -B). For H2B-RFP-labeled HSCs, we identified two peaks (RFP lo and RFP hi ) throughout the entire chase (2 -19 wks), while for chased HSCs expressing H2B-GFP, we initially found two peaks (GFP lo and GFP hi ), but starting from 14 wks of chase, a third, intermediate population (GFP mid ) appeared in all replicates ( Figure 4A-B ).
For the most proliferative HSC subset, i.e. the cells which displayed the fastest loss of fluorescence (RFP lo and GFP lo ), we estimated an identical mean division rate of once per ~23 d from both H2B-RFP and H2B-GFP label dilution data sets ( Figure 4C ). This consistent division rate proved that the 3-fold difference in protein stability of H2B-GFP compared to H2B-RFP (t 1/2 ~6 and 2 wks, respectively) accounted for their fundamentally different label retention characteristics (Figure 2A ), while the genuine cell cycle activity of this HSC subset was not altered by the H2B-FP itself. Next, we analyzed H2B-FP dilution of predominantly quiescent HSC subpopulations, which retained higher levels of label. For the RFP hi HSC population, we determined an average division rate of ~1/159 d. Employing our H2B-GFP data set, we estimated no or very rare divisions for the few GFP hi HSCs, while the GFP mid population, which appeared after 4 months of chase, displayed an average proliferation rate of 1/56 d. However, since protein degradation was the main reason for loss of label in quiescent HSCs, even in case of the more stable H2B-GFP, we found that our estimated division rates of predominantly quiescent RFP hi and GFP hi HSCs were highly imprecise as evidenced by their broad confidence intervals and a pronounced impact of the estimated H2B-FP protein degradation rate on the predicted division rate ( Figure 4D ). We conclude that the most quiescent HSCs of adult mice cycle infrequently (<1/100 d) and some may possibly never divide during the animal's adulthood.
Discussion
Our results demonstrate that loss of label in HSCs using different H2B-FPs is not only determined by label dilution via mitosis, but is additionally governed by division-independent degradation as well as leaky background production of label. We show that repressed H2B-FP mouse models progressively accumulate background fluorescence upon ageing to finally reach an equilibrium state in which loss of label and leaky background production are balanced. Consequently, high background fluorescence per se enriches for the most quiescent HSCs with a CD201 hi , Sca-1 hi and CD34 -/lo immuno-phenotype and enhanced repopulation potential. We identified division-independent H2B-FP protein degradation as the major reason for loss of pulsed label in HSCs, precluding extended chase experiments and exact determination of mitotic history of quiescent HSCs. Nonetheless, our analysis of H2B-FP dilution data revealed infrequent, but steady mitosis of primitive adult HSCs. Bernitz et al. (2016) proposed that a population of murine HSCs enters permanent quiescence after four symmetric self-renewal divisions within the first year of life. The authors hypothesized that these cells must count and remember their mitotic history by a yet unknown mechanism. This hypothesis is entirely based on the observation of a small HSC population with high repopulation potential seemingly retaining pulsed H2B-GFP fluorescence above background for up to 22 months of chase. While we disagree with their interpretation, the experimental results by Bernitz et al. (2016) are in good agreement with our own findings. Most prominently, Bernitz and colleagues consistently report a superior repopulation activity and increased quiescence of the HSC subpopulation with the highest levels of H2B-GFP fluorescence after long-term chase. However, their analysis does not account for continuous de novo H2B-GFP background production and its age-dependent and inevitable accumulation in quiescent HSC with high repopulation potential. Our data strongly suggests that quiescent HSCs with high background accumulation were mistaken for HSCs permanently retaining pulsed label, presumably by the use of inappropriate background controls ( Figure S3A ). The unambiguous identification of cells with minute levels of H2B-GFP retention, as reported by Bernitz et al. (2016) , is further complicated by the considerable inter-individual variation of H2B-FP maximum background fluorescence within control mice of the same age (Figure 3 B-D).
No evidence for mitotic memory and permanent quiescence of HSCs
Another serious concern regarding the validity of prolonged H2B-FP pulse-chase experiments is division-independent label degradation. For H2B-GFP, we determined a protein half-life of ~4-6 weeks in HSCs, which is similar to its stability in epithelial stem cells (Waghmare et al., 2008) . Consequently, protein degradation on its own will reduce H2B-GFP fluorescence at least 500-fold, i.e. to undetectable levels, already after one year of chase (or >10 5 -fold after 22 months of chase) ( Figure S3B ). Our finding of substantial divisionindependent H2B-FP degradation is in line with the fact that various DNA transactions, like e.g. transcription, require histone displacement from DNA (Venkatesh and Workman, 2015) .
Even in non-replicating cells, high protein turnover was shown for endogenous H2B as well as for H2B-GFP (Jamai et al., 2007; Kimura and Cook, 2001; Toyama et al., 2013) . Our pulse-chase experiment using mice with simultaneous expression of both H2B-FPs confirmed that the two fusion proteins differ in their stability. Moreover, two successive rounds of H2B-FP pulse-chase revealed unaltered label dilution in young and old mice ( Figure 2F ). This finding is not compatible with entry of a subpopulation of HSCs into permanent quiescence together with absence of H2B-FP degradation upon ageing.
Finally, we rebut counting of discrete HSC divisions using H2B-FP mouse models due to their inhomogeneous initial labeling. Bernitz et al. report an initial labeling distribution of ~2 decades of H2B-GFP fluorescence as well as considerable amounts of un-labeled HSCs (i.e. below background fluorescence) (Bernitz et al., 2016; Qiu et al., 2014) . This might be explained by variable, HSC subset-specific activity of the hCD34 (Radomska et al., 2002) promoter driving H2B-GFP expression in this model. Use of the ubiquitous R26 rtTA Tet-driver with either Col1A1 H2B-FP allele resulted in a more homogenous initial H2B-FP distribution of HSCs with virtually 100% labeling above background and a peak width of ~ 1 decade (Foudi et al., 2008; Li et al., 2013; Nakada et al., 2014; Säwén et al., 2016 ) ( Figure S3C ). However, the broad initial HSC labeling range of ~1 -2 decades of fluorescence intensity translates into 3 -6 division equivalents already at start of chase. This broad heterogeneity renders counting of discrete HSC divisions impossible, which is in contrast to successful tracing of discrete divisions in homogeneously pulsed epithelial stem cells (Waghmare et al., 2008) . A more homogenous labeling of a primitive HSC subpopulation that might be hidden within immuno-phenotypic HSCs was not detected ( Figure S3D and S3E). Our modeling of H2B-FP retention revealed that loss of label slows down when cells approach the range of background fluorescence due to continuous de novo background production ( Figure 2B, 2H and S3A-B). Therefore, mitosis of cells retaining pulsed label in the range of background fluorescence does not lead to halving of H2B-FP fluorescence and further obscures resolution of discrete division events within these cells.
HSC mitotic activity in unperturbed adult bone marrow inferred from H2B-FP dilution
The rather short protein half-lives of H2B-FPs complicate the accurate estimation of mitotic activity in pulse-chase experiments as the major loss of label in primitive HSCs, which are predominantly quiescent, results from degradation rather than proliferation. Therefore, complete disentanglement of the respective contribution from either cell division or protein decay to loss of H2B-FP fluorescence in the most quiescent HSC subsets (i.e. RFP hi or GFP hi ) remained challenging ( Figure 4D ). However, our finding of infrequent mitotic activity among primitive HSCs is well compatible with the experimental notion that HSCs are not required for steady-state hematopoiesis in adult mice (Schoedel et al., 2016; Sheikh et al., 2016) . This is further supported by fate mapping experiments (Busch et al., 2015; Sun et al., 2014) , which reported rare contribution of HSCs to adult steady state hematopoiesis.
Moreover, proliferation rates of primitive HSCs inferred from either BrdU uptake (1/55 d for HSC-1 (LSK CD48 -/lo CD150 + CD229 -/lo CD244 -) (Höfer et al., 2016; Oguro et al., 2013) or BrdU retention (1/145-193d) (van der Wath et al., 2009; Wilson et al., 2008) are in accordance with our conclusion that quiescent HSCs rarely but steadily divide as well as H2B-FP protein degradation being the major reason for loss of label over time in these cells.
We consistently estimated a proliferation rate of 1/23 d in actively cycling (RFP lo or GFP lo ) LSK CD48 -/lo CD150 + HSCs from both H2B-FP systems after correction for H2B-FP degradation, which is faster than the rate of 1/28-1/36 for `active´ HSCs inferred from BrdU retention (van der Wath et al., 2009; Wilson et al., 2008) . However, the latter studies identified immuno-phenotypic HSCs by exclusion of CD34 + cells, a marker known to be upregulated in proliferating HSCs (Sato et al., 1999) . Our analysis of H2B-RFP retention in LSK CD48 -/lo CD150 + CD34 -/lo cells revealed a division rate of 1/40 d for the proliferative RFP lo subpopulation ( Figure S2C ), which is highly similar to the division rate of `active´ HSCs (van der Wath et al., 2009; Wilson et al., 2008) and substantiates our modeling approach. The division rates of proliferative HSCs (~1/8-1/18 d) and slowly cycling HSCs (~1/55-1/120 d) previously estimated from H2B-GFP retention data (Foudi et al., 2008) likely represent systematic overestimation due to neglect of label degradation, illustrating that consideration of label degradation is of particular importance in infrequently dividing cells.
In summary, H2B-FP transgenic models are important tools ideally suited to analyze and isolate viable cells based on differential mitotic activity. However, long-term tracing of discrete divisions of slowly cycling HSCs with label retention in the range of background fluorescence as performed by Bernitz et al. (2016) is not possible. The loss of label at early chase time points in these label retention experiments was mistakenly attributed to four discrete cell divisions, while our data strongly suggest that this loss of label largely represented protein degradation. At longer chase intervals, accumulation of high background fluorescence was most likely misinterpreted as stable retention of previously pulsed label by Bernitz et al (2016) . Accounting for division-independent protein decay as well as for agedependent background label accumulation is essential for estimating the divisional activity of rarely dividing cell populations in H2B-FP pulse-chase experiments. We found no evidence for abrupt entry into permanent quiescence upon ageing and neither for mitotic memory of HSCs. We rather conclude from our data that primitive HSCs continue to cycle rarely in aged mice. Figure 1A -B); SK HSC: lin -/lo Sca-1 hi Kit lo CD48 -/lo CD150 + (blue, Figure 1C) ; LK: lin -/lo Sca-1 -Kit + (purple); see Figure S1A for detailed gating strategy). LSK cells from WT B6 mice served as auto-fluorescence controls (grey tinted histogram). Median (MFI, middle data plot) and maximum (99 th percentile, right data plot) fluorescence intensity of BM HSPCs were determined. Significance was calculated by one-way repeated measures ANOVA with Bonferroni correction for multiple testing.
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Figure legends
A H2B-RFP background fluorescence of HSPCs isolated from un-induced R26 rtTA /Col1A1 H2B-RFP mice (n=12, Col1A1 H2B-RFP/H2B-RFP (n=3) and Col1A1 H2B-RFP/wt (n=9, zygosity was corrected by doubling the fluorescence of heterozygous mice, see Figure S1B ), 10-17 wks of age). G 50 H2B-RFPor H2B-RFP hi HSCs were purified from un-induced R26 rtTA/wt /Col1A1 H2B-RFP/wt animals (n=4, 9-12 wks, see Figure S1L for sorting strategy) and transplanted together with 3
x 10 5 B6.CD45.1 WBMCs into irradiated B6.CD45.1/.2 recipient mice (n=8-9 / per group). PB (left plot) neutrophils (PMN, CD11b + Gr-1 hi ), B-(CD19 + ) and T-lymphocytes (CD3 + ) of chimeric recipients were analyzed for donor origin at indicated time points (mean and SD are shown, significance was calculated by repeated measures two-way ANOVA with Bonferroni post test). BM LSK chimerism was determined 17 weeks after transplantation (right plot, unpaired Student´s t test). An independent replicate of this experiment including secondary transplantation is shown in Figure S1M . individual mice are depicted. The data was fitted by our mathematical model (see Figure 2G) and loss of maximum fluorescence was attributed to H2B-FP degradation. H2B-FP half-lives and respective 95% confidence intervals (squared brackets) were calculated. G Overview of the ordinary differential equation model describing label dilution by accounting for 4 processes that affect average H2B-FP labeling intensity (X): (i) initial labeling a by H2B-FP induction, (ii) permanent leaky background H2B-FP production with constant rate b, (iii) H2B-FP decay due to division with rate λ 1 , and (iv) division-independent decay due to H2B-FP protein degradation with rate λ 2 (for details see methods). H Simulation of H2B-RFP label decay over time in pulsed and chased mice in the absence (dark red, dashed) or presence (red, continuous line) of continuous leaky background production. Grey area reflects auto-fluorescence. to H2B-RFP retention data (0-19 wks of chase), while for H2B-GFP retention data (0-21 wks of chase) two peaks (GFP lo and GFP hi ) were initially observed, but starting from 14 wks a third, intermediate peak uniformly appeared (GFP mid ). The mean (horizontal lines) of each fitted Gaussian was estimated (see also Figure S2A-B) . 
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Materials and methods
Experimental model and subject details
Mice R26 rtTA /Col1A1 H2B-RFP (Jax No: 014602) (Egli et al., 2007) and R26 rtTA /Col1A1 H2B-GFP (Jax No: 016836) (Foudi et al., 2008) , C57Bl/6JRj wt (Janvier), B6.CD45.1 (Jax No. 002014), B6CD45.1/.2, and Ki67-RFP (obtained from Clevers lab) (Basak et al., 2014) mice were housed at the Experimental Center, TU Dresden. Tg(tetO-HIST1H2BJ/GFP)47Efu/J (tetO-H2B-GFP47Efu/J) were imported from Jackson labs (Jax No. 005104) and housed at the animal facility of BMC Lund University. Tg(tetO-HIST1H2BJ/GFP)47Efu mice were backcrossed to C57Bl/6 genetic background for more than 10 generations to yield the B6.tetO-H2B-GFP47Efu strain, which was housed at DKFZ Heidelberg. Pulse-chase data of R26 rtTA /Col1A1 H2B-RFP mice was previously published (Morcos et al., 2017; Säwén et al., 2016) .
H2B-FP mice were induced with doxycyclin (DOX) either via chow (Ssniff Spezialdiäten, 625mg/kg for 10-11 wks or 2000 mg/kg for either 3-7 weeks (this study) or 1 week (Säwén et al., 2016) ) or via drinking water (1 mg/ml DOX (Applichem), 1% sucrose for 8 weeks (Morcos et al., 2017) ) ad libitum. 5-FU (150 µg/g body weight, Applichem) was administered via intravenous (i.v.) injection.
All animal experiments were in accordance with institutional guide lines and were approved by the relevant authorities (Landesdirektion Dresden, Regierungspräsidium Karlsruhe and local ethics committee University Lund).
Methods Details Cell Preparation
Whole bone marrow cells (WBMCs) were isolated by crushing long bones with mortar and pestle using PBS/2% FCS/2 mM EDTA and filtered through a 100 µm mesh. After erythrocyte lysis in hypotonic NH 4 Cl-buffer, cells were filtered through a 40 µm mesh.
Hematopoietic lineage + cells were removed with the lineage cell depletion kit (Miltenyi Biotec).
Peripheral blood (PB) was drawn into glass capillaries by retrobulbar puncture. For chimerism analysis, blood was flushed out of the capillary using PBS / Heparin (250u/ml, Biochrom). Erythrocyte lysis in NH 4 Cl-buffer was performed twice for 5 minutes. For hemograms, blood was drawn by retrobulbar puncture directly into EDTA-coated tubes 
Flow cytometry
Cells were incubated with antibodies (Table S1) in PBS / 2% FCS for 30 min, washed twice with PBS / 2% FCS and analyzed on a ARIA II SORP or ARIA III (BD Biosciences, Heidelberg, Germany). H2B-FP fluorescence intensities from independent experiments on the same flow cytometer were normalized using Sphero Rainbow 8 peak particles (BD Bioscience) as reference. Data were analyzed with FlowJo V9.9 software (Tree Star,) and
gates were set according to Fluorescence-Minus-One (FMO) controls. For a detailed overview of gating strategies refer to Figure S1A .
Single cell RNAsequencing
Single BM LSK CD48 -/lo CD150 + cells were index-sorted into 96 well plates containing 2 µl of nuclease free water with 0.2% Triton-X 100 and 4 U murine RNase Inhibitor (NEB), spun down and frozen at -80°C. After thawing, 2 µl of a primer mix were added (5 mM dNTP (Invitrogen), 0.5 µM dT-primer (C6-aminolinker-AAGCAGTGGTATCAACGCAGAGTCGACTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTVN), 4 U RNase Inhibitor (NEB)). RNA was denatured for 3 minutes at 72°C and the reverse transcription (RT) was performed at 42°C for 90 min after filling up to 10 µl with RT buffer mix for a final concentration of 1x superscript II buffer (Invitrogen), 1 M betaine, 5 mM DTT, 6 mM For library preparation 700 pg cDNA in 2 µl was mixed with 0.5 µl Tagment DNA Enzyme and 2.5 µl Tagment DNA Buffer (Nextera, Illumina) and tagmented at 55°C for 5 min.
Subsequently, Illumina indices were added during PCR (72°C 3 min, 98°C 30 sec, 12 cycles [98°C 10 sec, 63°C 20 sec, 72°C 1 min], 72°C 5 min) with 1x concentrated KAPA HiFi
HotStart Ready Mix and 0.7 µM dual indexing primers. After PCR, libraries were quantified with AccuBlue Broad range chemistry, equimolarly pooled and purified twice with 1x volume Sera-Mag SpeedBeads. This was followed by Illumina single-end sequencing (76bp) on a Nextseq550 aiming at an average sequencing depth of 0.5 mio reads per cell.
Single cell transcriptome analysis
Raw reads were mapped to the mouse genome (mm10) and splice-site information from Ensembl release 87 (Zerbino et al., 2017) with gsnap (version 2018-07-04) (Nacu and Wu, 2010) . Uniquely mapped reads and gene annotations from Ensembl were used as input for featureCounts (version1.6.2) (Smyth et al., 2014) to create counts per gene and cell.
Further analysis of the single cell counts data was done with the R package scater (version1.8.4) (McCarthy et al., 2017) . Cells which met one of the following criteria were considered low quality: 1) total counts < 5,000, 2) total genes <2,000 or >10,000, 3) percentage of counts from mitochondrial genes > 6%, 4) percentage of counts from ERCC spike-in transcripts > 25% and 5) percentage of genes without counts >95%. Consequently, 82 low-quality cells (29%) were removed. Also, genes which were expressed in less than 1/3 of the remaining 200 cells were considered as low expressed and removed leaving 6,358
genes for further analysis.
For the filtered counts matrix (6,358 genes x 200 cells), counts per million (CPM) normalization was applied to alleviate the effect of different sequencing depth across the cells. To make expression value comparable, expression values of a gene were transformed to the scale [0,1] where 0 was the minimum and 1 the maximum CPM value of this gene across cells.
MoIO and NoMO genes (Wilson et al., 2015) , which showed expression in our data, were considered (18 and 15 genes, respectively). The scores were then calculated by averaging the normalized scaled expression values of MoIO and NoMO gene sets, respectively. The relationship between fluorescence markers (H2B-GFP and Sca-1, in logarithmic scale), and MoIO/NoMO scores was calculated using linear regression.
To identify functional changes in gene expression correlated with H2B-GFP marker expression, for each gene its Spearman correlation coefficient to the fluorescence marker (H2B-GFP and Sca-1) was calculated. The top 100 positive and top 100 negative correlated genes were analyzed for associated terms from the Gene Ontology (GO) database, aspect:
Biological Process (BP) using DAVID 6.8 (Huang et al., 2008) . Very broad and unspecific GO BP terms were excluded by the FAT filter and similar/redundant terms were grouped into annotation clusters and enrichment scores were calculated. All clusters with an enrichment score higher than 1 were considered.
Mathematical modeling
The dilution kinetics of the fluorescent histone 2B fusion protein (H2B-FP) is formulated in terms of an ordinary differential equation describing the average kinetics of the amount of label, termed X, in a homogeneous population:
with (i) the rate of permanent leaky background FP production b, (ii) FP decay due to division with a rate λ 1 , and (iii) division-independent FP decay due to protein degradation with a rate In the long run the system reaches a steady state (i.e. a protein level that does not change over time) at b/(λ 1 +λ 2 ), independent of initially provided amount of label a. At this equilibrium level, leaky background production (described by b) and decay due to cell division and protein degradation (described by λ 1 +λ 2 ) are leveling out. To determine the time until chased and background control populations merge ( Figure S3B ), we assume that the chase period starts at 10 weeks after birth, while the background accumulation is assumed to start at 4 weeks after birth when the adult hematopoiesis is established (Bowie et al., 2006) , thus leading to a time shift between both populations of 6 weeks (=42 days). We define the time point of merging as the time when the chased population reaches at least 95% of the background control population. Assuming the limiting case of no cell division this leads to the following equation:
which resolves to:
To study the process of establishing a stable level of H2B-FP background after birth ( Figure   3A ), a model comprised of two independent HSC populations was used based on the following assumptions: (i) The initial level of label at the time point of 4 weeks is assumed to be autofluorescence. This assumes that juvenile HSC cycle fast and thus do not or neglectably accumulate H2B-FP label until the hematopoietic system is established; (ii) we assume a mixture of two HSC populations: a proliferative population (90%) with an average cycling of 16 days and a quiescent population (10%) that does not cycle; (iii) for H2B-FP degradation, we assume a half-life of 2 weeks for H2B-RFP and 6 weeks for H2B-GFP as estimated.
To estimate subpopulations from H2B-FP distributions (Figure 4) , a mixture distribution of up to four normal distributions was fitted to the logarithmic data. Estimated subpopulation means were then separately fitted by the mathematical model.
Quantification and statistical analyses
Data are presented as mean and SD. Statistical analysis was done with Prism 5 (Graphpad), applied statistical tests are denominated in the respective figure legend. Significant results are indicated by: *p = 0.01-0.05, **p = 0.001-0.01, and ***p < 0.001; not significant results by: ns.
Online supplemental material
Supplemental material includes three figures and one table. Figure S1 presents additional data on H2B-FP background accumulation in primitive HSPCs. Figure S2 provides representative examples of H2B-FP dilution after different chase intervals. Figure S3 shows simulations of H2B-FP pulse-chase experiments and data on labeling homogeneity. Table S1 lists antibody conjugates used for flow cytometry. concordant negative correlations to the NoMO score (r 2 and significance was calculated by linear regression and F-test, respectively). The previously published (Wilson et al., 2015) correlations between the surface marker Sca-1 to the MolO and NoMO signatures had similar direction, strength and significance in our data set as the correlation of H2B-GFP background fluorescence to these gene signatures. 
